ABSTRACT This paper reports on dual-mode-cavity-resonator-based bandpass filters (BPFs) with multiple levels of transfer-function tunability. They are based on substrate-integrated-waveguide cavity resonators that are loaded by four identical metallic posts and give rise to two degenerate modes that are exploited for the filter design. By loading the ends of the posts with variable-reactance elements, quasi-elliptic-type filtering transfer functions with multiple levels of spectral adaptivity can be obtained. These reconfiguration properties include center-frequency control, bandwidth tuning, and intrinsic RF switching-off. The proposed adaptive BPF concept can be extended to high-order transfer functions shaped by 2N poles and 2N transmission zeros (TZs) for BPFs composed of N dual-mode resonators. To prove the experimental viability of the engineered tunable BPF concept, a two-pole/two-TZ prototype and a four-pole/four-TZ prototype with tunable transfer functions in the 1.5-3 GHz band were built and measured.
I. INTRODUCTION
RF front-ends with the ability to support multiple bands, standards, and waveforms will be highly demanded in future wireless-communication and radar systems. As such, recent research efforts are increasingly focusing on the development of tunable RF hardware and, in particular, on RF bandpass filters (BPFs) and bandstop filters (BSFs) for adaptive signal-band selection and dynamic interference suppression respectively [1] - [5] . In the case of BPFs, multiple levels of transfer-function reconfigurability, small physical size/volume, and minimized insertion-loss (IL) levels in their passband regions are essential requisites.
BPFs using dual-mode resonators, such as those based on microstrip-type rectangular-and circular-shape patches, are often used in applications in which size is of critical importance due to their ability to support multiple modes within the same resonator volume [6] - [8] .
Representative examples of tunable dual-mode BPFs include open-loop-resonator-based
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BPFs with center-frequency tuning ratio of 1.7:1 in [6] , square-loop-resonator-based BPFs with BW tuning ratio of 2.5:1 in [7] , and BPFs with center-frequency and BW tuning ratios of 1.8:1 and 10:1, respectively, in [8] . However, they exhibit high levels of minimum in-band IL (3-5 dB) due to the low unloaded quality factor (Q: 20-100) of the utilized planar RF resonators and their tunability is mostly restricted to center frequency.
Substrate-integrated-waveguide-(SIW)-resonator-based architectures using capacitively-loaded cavities are among the most common alternative for 3-D compact and low-IL BPFs due to their high-Q (150-400) nature and planarintegration compatibility [9] . However, the majority of these filters are made up of single-mode resonant cavities so that they require N resonators for the realization of N th-order transfer functions. Multi-mode SIW resonators have been presented in [10] - [15] for the realization of compact-size single/multi-band BPFs. In particular, in [10] , [11] , [14] , and [15] , cavity resonators with two capacitively-loaded posts are reported to either increase the number of poles per resonator in the static BPF in [10] , [14] , and [15] or to create independently-controlled dual-passband filtering responses in terms of center frequency in [11] . In yet another configuration [12] , dual-band BPFs are created by splitting the capacitive post of a coaxial cavity in four highly-coupled parts. This results in a dual-band filtering transfer function shaped by the fundamental mode (low passband) and the two degenerate modes (high passband) whose transmission bands can be simultaneously tuned. However, such dualband reconfiguration is accomplished in a narrow tuning range (1.1:1) and only in terms of center frequency.
Taking into consideration the aforementioned limitations, this paper reports on a new class of dual-mode hybrid lumpedelement/SIW-cavity resonators that facilitate the realization of BPFs with quasi-elliptic-type transfer functions that exhibit multiple and wide levels of RF tuning. They are based on circular SIW cavities that are loaded by four metallic posts that give rise to two degenerate modes and a quasi-elliptic-type filtering response-shaped by two poles and two transmission zeros (TZs)-. The proposed tuning mechanism allows for a variety of adaptive properties to be realized in a single cavity resonator that are obtained by only tuning the resonant frequencies of its degenerate modes. These reconfiguration capabilities include centerfrequency tuning, BW control, and intrinsic RF switching-off. The proposed tunable BPF concept can be expanded to higher-order transfer functions shaped by 2N poles and 2N TZs by cascading in series N resonator sections through impedance inverters. This is demonstrated by means of the experimental development and testing of a four-pole/ four-TZ BPF prototype that can be reconfigured in the spectral range 1.5-3 GHz. This paper is organized as follows. Section II describes the theoretical operational principles of the conceived adaptive dual-mode SIW-cavity resonator for reconfigurable BPF design. For experimental-demonstration purposes, two proof-of-concept-single-stage and two-stage-tunable BPF prototypes are manufactured and characterized and are presented in Section III. Finally, the main concluding remarks of this work are set out in Section IV.
II. THEORETICAL FOUNDATIONS
The details of the proposed dual-mode SIW-cavity-resonatorbased BPF concept are illustrated in Fig. 1(a) . It is based on a SIW cavity that is capacitively loaded by four metallic posts. The lower end of the posts is in direct connection with the bottom wall of the cavity whereas the other end is connected to the upper cavity wall through lumped-element capacitors C 1 and C 2 . Both the side walls of the cavity and the ones of the capacitive posts are materialized with through-hole Cu-metalized vias. Fig. 1(b) shows the simulated electric-field patterns of its first four resonant modes that have been obtained with eigenmode simulations using the software package ANSYS HFSS. As it can be seen, the devised resonator exhibits two orthogonal degenerate modes-Modes 2 and 3-that share the same resonator volume and can be exploited for the realization of a BPF transfer function. Whereas the resonant frequency of the degenerate modes is defined by the dimensions of the cavity and the amount of capacitive loading-through the lumped-element capacitors C 1 and C 2 -, their spectral separation from the first and the fourth modes are controlled by the distance of the posts from the center of the cavity b. This is demonstrated in Fig. 2 , in which the resonant frequencies of the first four modes are plotted as a function of b. It should be noted that smaller b values result in a wider separation between the degenerate modes and the first and fourth modes, respectively. However, this is done at the expense of a small frequency increase that can be counteracted by augmenting C 1 and C 2 .
Considering the resonator geometry and the electric-field distributions of its first four modes, a coupling-routing diagram (CRD) that comprises four in-parallel-cascaded resonant nodes (nodes 2-5) can be utilized for the theoretical synthesis of the BPF transfer function, Fig. 3 . As it can be seen in Fig. 3 , by appropriately exciting its degenerate modes-Modes 2 and 3 that correspond to resonant nodes 3 and 4 in the CRD-, a quasi-elliptic-type BPF response can be obtained with its passband shaped by two poles that are located in-between two TZs. In addition, it also allows to model the two spurious passbands that appear at the spectral locations of the first and the fourth modes of the cavity by means of the resonant nodes 2 and 5, respectively. A comparison between a synthesized response using the CRD-scaled to a center frequency of 2.4 GHz and a 3-dB BW of 0.12 GHz-in Fig. 3 and the one corresponding to the full-wave dual-mode-SIW-cavity-based BPF model in Fig. 1 is also shown at the same figure. The fairlyclose agreement obtained between both responses proves the applicability of the suggested CRD model for the dual-mode cavity-based resonator concept.
To better illustrate the operational principles of the engineered dual-mode SIW-cavity-based resonator concept, various examples of synthesized transfer functions using its CRD are shown in Fig. 4 . In particular, Fig. 4(a) demonstrates that frequency tuning can be achieved by synchronously tuning the resonant frequencies of the degenerate modes 2 and 3 (i.e., self-couplings M 33 and M 44 ) by the same amount. In a practical filter realization, this is accomplished by capacitively loading the resonator posts through C 1 and C 2 and synchronously tuning them. However, since C 1 and C 2 also control the spectral locations of modes 1 and 4, the self-coupling coefficients that correspond to these modes (M 22 and M 55 ) need also to be altered. Furthermore, BW tuning can be realized by modifying the separation of the degenerate modes that are symmetrically-located around the BPF center frequency by the same amount (i.e., asynchronous tuning of C 1 and C 2 ). This is shown in Fig. 4(b) for an example BPF response centered at 2.4 GHz. It is first designed for a 3-dB BW of 0.12 GHz (Ex. 1) and subsequently tuned to broader (Ex. 4) and narrower (Ex. 5) BW states by only modifying the resonant frequencies of the degenerate modes. Intrinsic RF switching-off (i.e., without RF switches) is also shown at the same figure (Ex. 6), which is obtained when the resonant nodes 3 and 4 resonate at the same frequency. In this manner, the RF signals passing through them arrive at the BPF output with equal magnitude and opposite phase so that they are fully canceled. In a practical filter development, intrinsic switching-off is obtained by loading all four posts by the same amount of capacitance C 1 = C 2 -i.e., the modes are degenerate-whereas the rest of the responses are obtained by setting C 1 = C 2 .
III. EXPERIMENTAL VALIDATION
To validate the practical viability of the proposed dual-mode-SIW-cavity-based tunable BPF concept, two prototypes-a two-pole/two-TZ circuit and a four-pole/four-TZ circuitthat can be reconfigured in the 1.5-3-GHz band were developed and measured. They were designed by using ANSYS HFSS and manufactured through standard in-house PCB prototyping on a TMM 6 substrate with the following characteristics: dielectric permittivity ε r = 6, dielectric height h = 5 mm, and dielectric loss tangent tan(δ D ) = 0.0023. RF tuning was implemented by adding 1-5 pF thinfilm trimmer capacitors from Johanson Tech. at the posts ends.
A. TWO-POLE/TWO-TZ BPF PROTOTYPE
The two-pole/two-TZ BPF circuit was designed using fullwave electromagnetic (EM) analysis. The couplings between the source/load and each of the two degenerate modes were materialized by means of short-circuited CPW lines as shown in Fig. 1(a) . By altering the RF-short distance from the cavity posts, the appropriate amount of coupling is obtained as detailed in [16] . The pole splitting between the two degenerate modes defines the BPF BW and can be materialized either by setting C 1 = C 2 or by introducing metalized via holes in the cavity as shown in the experimental prototype in Fig. 5 . A photograph of the developed prototype along with a comparison of an RF-measured and EM-simulated tuned state are shown in Fig. 5 . The RF measured characteristics of the BPF are summarized as follows: center frequency of 2.1 GHz, 3-dB BW of 0.13 GHz, and minimum in-band IL of 1.2 dB-i.e., effective Q of 150-. As it can be seen, the measured results are in a good agreement with the EM-simulated ones proving the validity of the proposed filter concept. Furthermore, its tuning capabilities are depicted in Fig. 6 . In particular, Fig. 6(a) shows centerfrequency tuning in the range 1.4-2.7 GHz (i.e., 1.9:1 centerfrequency tuning ratio). Note that although a finite number of states is shown, the BPF transfer function is continuously tunable within the aforementioned tuning range for which the minimum in-band IL level was measured between 2.9 dB and 0.96 dB. BW control between 70 MHz and 180 MHz (i.e., 2.5:1 BW tuning ratio) is demonstrated in Fig. 6(b) for a passband centered at 2.1 GHz. For all these BW-tuning states, the in-band IL and reflection-loss (RL) levels were measured to be below 1.8 dB and above 10 dB, respectively. Intrinsic switching-off (maximum in-band attenuation of 56 dB and minimum in-band attenuation of 17.5 dB in the range 1.98-2.15 GHz, i.e., the 3-dB BW of the maximum BW state) capabilities are also demonstrated at the same figure, hence successfully validating the devised dual-mode-SIW-cavity-based BPF concept with multiple levels of transfer-function adaptivity. The observed spurs below and above of the passband are respectively attributed to the modes 1 and 4 of the SIW cavity. If needed, they can be suppressed by incorporating tunable low-pass and high-pass filtering units at the input/output CPW feeds of the filter.
B. FOUR-POLE/FOUR-TZ BPF PROTOTYPE
To examine the applicability of the dual-mode SIW-cavity resonator concept to the realization of higher-order transfer functions, a four-pole/four-TZ BPF prototype was designed by cascading two dual-mode resonator sections through an impedance inverter as shown in the equivalent CRD in Fig. 7(a) . The BPF design is performed as follows. At first, each of the two-pole/two-TZ filtering cells is designed for the desired center frequency and FBW. Afterwards, they are cascaded in series through a 90 • -electricallylong-at-2.2-GHz CPW-based transmission line and their characteristic impedance is optimized to minimize the in-band input-power reflection levels. A photograph of the developed prototype along with a comparison of an RF-measured and EM-simulated tuned state are respectively shown in Fig. 7(b) and (c) . The main characteristics of the measured response of the BPF, which is in fairlyclose agreement with the simulated one, are summarized as follows: center frequency of 2.2 GHz, 3-dB BW of 0.12 GHz, and minimum in-band IL of 3.3 dB-effective Q: 120-. The tuning capabilities of the constructed filter prototype were also tested and are illustrated in Fig. 8 . It exhibits center-frequency reconfigurability in the range 1.7-2.5 GHz (i.e., 1.5:1 center-frequency tuning ratio) and BW tunability between 58 MHz and 156 MHz (i.e., 2.7:1 BW tuning ratio), successfully validating the applicability of the dualmode SIW-resonator concept to adaptive high-order transferfunction realizations. The intrinsic switching-off of this filter is also proven in Fig. 8(b) with a measured maximum in-band attenuation of 38 dB and minimum in-band attenuation of 21.5 dB within the range of 1.91-2.1 GHz (3-dB BW of the maximum BW state). Although not shown here, higherorder filter realizations-exhibiting 2N poles and 2N TZs in their transmission response for N dual-mode resonatorscan be developed by cascading in series multiple dual-mode resonator sections.
IV. CONCLUSION
Compact cavity-based BPFs with multiple and wide levels of RF tunability have been presented. They are based on reconfigurable dual-mode SIW-cavity resonators that exhibit two independently-tuned degenerate modes and facilitate the realization of quasi-elliptic-type transfer functions that are tunable in terms of center frequency, BW, and can be intrinsically switched-off. As an important advantage to be highlighted in relation to prior art, the aforementioned reconfigurability levels are obtained by only altering the resonant frequencies of the modes of the BPF resonators and they do not require the tuning of any of their inter-resonator/external coupling elements. When compared to tunable-coupling BPF approaches, this results in lower in-band IL levels, higher linearity, and easier extrapolation to upper frequency ranges. The experimental viability of the proposed dual-mode SIW-based resonator concept for tunable filter development has been verified through the construction and testing of a two-pole/two-TZ BPF and a four-pole/four-TZ BPF with reconfiguration in the 1.5-3-GHz band.
ROBERTO GÓMEZ-GARCÍA (S'02-M'06-SM '11) 
